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scheme is based on a double proportional feedback controller and a single-phase voltage-source
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results ensure the effectiveness of the proposed ﬁlter. The system is simulated in MATLAB-Simu-
link and simulation results prove that the polluting harmonics have been greatly reduced.
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Due to the increase of non-linear loads drawing nonsinusoidal
currents, power quality distortion has become a serious prob-
lem in electrical power systems.213772.
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lsevierMost utilities have established their own harmonic voltage
and/or current limits to reduce harmonic effects on customer
loads and power system equipment. Harmonic voltages are
categorized into [1]:1.1. Background harmonics
These are the harmonics existing in a network as a result of all
harmonic sources connected to it.
1.2. Additional harmonics
These are the harmonics generated by new harmonic sources
to be connected to the network at some point of common cou-
pling (PCC).
Both of these categories of harmonic voltages may
require compensation. Active ﬁlters have been known as a
good tool for harmonic mitigation as well as reactive
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voltage ﬂicker compensation.
The quality of the active power ﬁlter (APF) depends on
three considerations [2].
 The method used to extract the harmonic content
 Power circuit conﬁguration
 The modulation and control method used to implement the
compensation scheme.
Considerable efforts have been done in recent years to im-
prove the management of harmonic distortion in distribution
systems [3–10].
A current source converter (CSC) topology is proposed in
[3]. This topology utilizes two ADALINEs to process the sig-
nals obtained from the power-line; one for the distorted line
current signal and the other for fundamental component of
the line voltage signal. The outputs of the two ADALINEs
are used to construct the modulating signals of a number of
CSC modules, each of which is dedicated for eliminating a spe-
ciﬁc harmonic.
Ref. [4] proposes the use of four adaptive linear neurons
(ADALINEs) networks for online extraction of the direct, in-
verse, and homopolar voltage components from a composite
voltage. This neural network approach is based on a new volt-
age decomposition technique of unbalanced three-phase
systems.
An algorithm for harmonic estimation is presented in [5]. It
utilizes a particle swarm optimizer with passive congregation
(PSOPC) to estimate the phases of harmonic components.
Alongside a least-square (LS) method is used to estimate the
amplitudes of these components. The PSOPC and LS methods
are executed alternately to minimize the error between the ori-
ginal signal and the signal reconstructed from the estimated
parameters during the estimation process.
Ref. [6] proposes the application of a combined adaptive
controller for current control loop of a shunt active power ﬁl-
ter. The proposed approach uses a variable structure controller
(VS) together with a robust model reference adaptive control-
ler (RMRAC) leading to a VS-RMRAC algorithm. The VS
parameters are used to improve the transient response, and
its effect increases when the estimation error increases.
A control algorithm for a three-phase hybrid power ﬁlter
constituted by a series active ﬁlter and a shunt passive ﬁlter
is proposed in [7]. The control strategy is based on the dual for-
mulation of the compensation system principles. The control
target used provides high impedance for the harmonics whileFigure 1 The structure of current compensation scheme basedproviding zero impedance for the fundamental. This strategy
is achieved when the APF generates a voltage proportional
to the source current harmonics.
Ref. [8] establishes and analyzes a model for the current
closed-loop control of hybrid APF with injection circuit
(IHAPF). The iterative learning control algorithm based on
the PI-type learning law is presented. The system robustness
is enhanced by using a forgetting factor.
A novel selective control algorithm is presented in [9] to
drain the control currents of the active ﬁlter in order to im-
prove the performance of the passive ﬁlters and also to mini-
mize a speciﬁc harmonic component of the system voltages.
The control algorithm is derived from the instantaneous power
theory (pq-Theory), together with a synchronizing circuit. The
introduced one is simpler to be implemented but is slowly and
required lot of calculations.
An analysis of the control strategies of the shunt hybrid
injection type active ﬁlter (SHIAPF) installed in the distribu-
tion network after the distributed power is connected is pre-
sented in [10]. It proposes a composite control strategy
considering the currents of both load and system, which can
effectively inhibit the inﬂuence on the control performance
due to the variations by distributed power.
Ref. [11] employs the recurrent artiﬁcial neural network
(RANN) for harmonic extraction. It uses the double propor-
tional feedback control loop APF for uninterruptible power
supply (UPS) application. The controller used as a single phase
ﬁlter for a dedicated harmonic load and with a ﬁxed voltage
source.
In this paper, a shunt active ﬁlter scheme with two propor-
tional feedback controllers is proposed. The scheme is applied
on a 3-phase 13 bus industrial balanced distribution system.
The fundamental components of distorted 3-phase currents
and voltages are extracted using two multi-layer artiﬁcial neu-
ral networks (ML-ANNs) with shift method. The resulting
shunt active ﬁlter can compensate for most voltage and current
harmonics at the chosen point of common coupling (PCC).
2. Proposed APF scheme
The proposed APF scheme uses two independent ML-ANNs
with shift method (sample by sample investigation) to esti-
mates the fundamental voltage and current components for
the electrical network.
The fundamental frequency voltage and current compo-
nents are subtracted from the polluted power line voltage
and current, respectively, to get the harmonic components.on the inductor voltage with two proportional controllers.
Figure 2 Block diagram for the control circuit. ki – current loop gain; kv – voltage loop gain; Vdc – dc bus voltage of the inverter; Vcar –
amplitude of carrier waveform; Td – PWM time delay; Lf – ﬁlter inductance; Rf – ﬁlter resistance; Cf – ﬁlter capacitance; Iref – current
harmonic component; Vref – voltage harmonic component; Iaf – ﬁlter line output current waveform; Va – ﬁlter line output voltage
waveform.
Figure 3 ML-ANN scheme.
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the multi-loop feedback controller based on inductor voltage
as shown in Fig. 1.
Two proportional controller (TPC) gains are used in the
feed back paths of both inner and outer loops to increase the
loop bandwidth.
In the outer loop, the generated current signal is fed back
and compared with its reference. The resulting error signal is
multiplied by the ﬁrst proportional controller gain, and the
output is added to the error signal obtained from comparing
the inductor feedback voltage with its reference.
The resulting signal is multiplied by the second propor-
tional controller gain in the inner control loop and the output
is compared with a ﬁxed switching frequency triangular wave-
form, which will be passed to the gate drive circuit.
The gate drive circuit for current compensation will pro-
duce an optimum switched control signals for the Pulse Width
Modulated (PWM) Voltage Source Inverter (VSI) of a number
of CSC modules as shown in Fig. 1.
Fig. 2 shows a block diagram for the simulated control cir-
cuit of the TPC active power ﬁlter representing all components
of Fig. 1.
3. Extraction of harmonic components
The ML-ANN used in this study is developed and tested and
its accuracy is assured in a previous work of the authors
[12]. It consists of an input layer with 32 nodes, two hidden
layers, and one-node output layer with sampling rate 960 HZ.
The 32 input nodes of the input layer (16 samples per cycle)
include 16 samples from the present cycle and 16 samples from
the previous cycle. The ANN performs a sample by sample
investigation of the input samples, the oldest sample is omitted
and all the remaining samples are displaced once to the neigh-
bor position leaving an empty position to the new sample as
shown in Fig. 3 [13].
Tansigmoidal function is used in the two hidden layers,
while the output layer uses purelin function. During training
the weights and biases of the network are iteratively adjusted
to minimize the network performance function. The ANN
parameters in this study are as follows:
 Epochs between updating display = 200.
 Maximum number of iterations to train = 40,000.The same structure is utilized for two ML-ANNs to process
the signals obtained from the power-line. The ﬁrst ML-ANN
(the current network) estimates the fundamental frequency
component of the distorted line current signal while the second
ML-ANN (the voltage network) estimates the fundamental
component of the line voltage signal. The outputs of the two
ML-ANNs are used for constructing the modulating signals
of the active harmonic ﬁlter.
4. Study system
The proposed scheme is applied on a medium-sized 13 bus Bal-
anced Industrial Distribution test system of an industrial plant
[14]. A single-line diagram of this system is shown in Fig. 4.
The plant is fed from a utility supply at 69 kV at bus B100
and the local plant distribution system operates at 13.8 kV.
Due to the balanced nature of this system, only positive se-
quence data is provided. The assumptions used to conduct a
harmonic analysis of the example industrial system include
the following [15]:
 Capacitance of the short overhead line and all cables are
neglected.
 System equivalent impedance is determined from the fault
MVA and X/R ratio at the utility connection point. These
values are 1000 MVA and 22.2 p.u., respectively.
 The local generator is represented as a simple Thevenin
equivalent. The internal voltage, determined from the con-
verged power ﬂow solution, is 13:98\ 1:52 kV. The
Figure 4 Single line diagram of 13-bus industrial distribution
system.
164 W.M. El-Mamlouk et al.equivalent impedance is the sub-transient impedance, which
is (0.0366 + j1.3651)X.
 The plant power factor correction capacitors are rated at
6000 kVAr. As is typically done, leakage and series resis-
tance of the bank are neglected in this study.
 All loads are modeled as series RL circuits. This approach is
taken instead of parallel RL modeling to get more accurate
representation of induction motors without extremely
detailed motor models.
 Frequency dependence of model resistance is neglected.
 Transformer magnetizing branch effects are neglected.
 Transformer winding losses increase as a function of fre-
quency is also neglected.
 The generator shown in Fig. 4 is 60 Hz diesel type.
The source of harmonics is the Adjustable Speed Drive
(ASD) connected to bus 29.
This test system is simulated in [16] using the MATLAB-
Simulink program as shown in Fig. 5. The PCC is chosen to
be at the secondary side of the transformer T5 (bus 29). The
voltage and current waveforms at this bus are monitored and
the total harmonic distortion (THD) is measured to protect
the linear load (LL) connected to bus 29 from harmonics
generated by the harmonic generating load (HL) connected
to the same bus. The harmonic generating load connected to
bus 49 in the original system is replaced here by an equivalent
linear load. Previous investigation has shown that the har-
monic generated by non-linear load at bus 49 has small effect
on the LL at bus 29 to be protected. For this reason, we re-
place this harmonic source by stronger sources connected to
bus bars near to bus 29 to test the effectiveness of the proposed
ﬁlter & control.Figure 5 Simulation of the test sThe ASD used as a harmonic source consists of set of
22 kW three phase induction motors connected in parallel
and each of them is served by 22 kW pulse width modulated
(PWM) inverter. The ASD is modeled by a harmonic current
source. Each harmonic component is modeled by a current
source with a frequency multiple integer of the fundamental
frequency. The magnitude and phase angle of the harmonic
component are related to the fundamental current [17].ystem on the Matlab program.
Table 1 Study cases for different load combinations.
Case Bus 29 Bus 51 Bus 11 Bus 29 LL
Total motor
load, kW
ASD load
level, %
Total motor
load, kW
ASD load
level, %
Total motor
load, kW
ASD load
level, %
kW kVAr
1 800 75 – – 1200 50 700 200
2 800 75 400 100 800 100 600 400
3 800 50 800 75 800 100 600 600
4 800, 600 50, 100 – – – – 200 200
5 800, 400 75, 50 – – – – 600 200
6 800, 400, 400 50, 100, 75 – – – – 300 0
7 600 100 600 100 800 100 600 600
8 800, 400 100, 75 – – – – 300 100
9 400, 400, 400 100, 75, 50 – – – – 400 200
10 1200 75 800 50 – – 400 100
11 400, 800 100, 50 800 50 – – 500 200
12 1200 50 – – 800 50 700 300
13 400, 1200 75, 50 – – 800 50 500 100
14 400 50 800 75 800 50 1200 300
15 – – 800 75 1200 50 1000 600
16 1200 100 – – – – 200 100
17 400 75 400 75 400 75 800 800
18 800 100 1200 50 1200 50 300 300
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Eighteen different combinations of harmonic load locations
and loading levels are chosen to extensively cover the study
of the harmonic problem for the system under study. These
combinations are shown in Table 1.
In the study case #1, for example, motor loads of 800 kW
and 1200 kW are connected, respectively, to buses 29 and 11
and a linear load of (700 kW+ 200 kVAr) is also connected
to bus 29. The ASDs supplying the 800 kW and 1200 kW
motor loads are run, respectively, at 75% and 50% of their
nominal capacities.Figure 6 Current wave formsThe study cases in Table 1 are chosen to get the maximum
possibility for harmonic current circulation. The cases could be
divided according to the number, location and loading level of
harmonic loads into three main categories as follows:
1. A single ASD, with different ASD and motor loading lev-
els, is connected to some different system buses, one at
time, in the study cases # 4, 5, 6, 8, 9 and 16.
2. Two ASDs are simultaneously connected to two different
buses in the study cases # 1, 10, 11, 12 and 13.
3. Three ASDs are simultaneously connected to three different
busses in the study cases # 2, 3, 7, 14, 17, and 18.and fast fourier transform.
Figure 7 Voltage wave forms and fast fourier transform.
Bus 29 Voltage and current waveform 
-3200
-2200
-1200
-200
800
1800
2800
0.0
0
2.0
8
4.1
7
6.2
5
8.3
3
10.
42
12.
50
14.
58
16.
67
18.
75
20.
83
22.
92
25.
00
27.
08
29.
17
31.
25
33.
33
m Sec.
Amper
-600
-400
-200
0
200
400
600
Volt
Current (Amper)
Voltage (Volt)
Figure 8 Current and voltage waveforms at bus 29 for case 6.
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Figure 9 Estimation of the two proportional gains ki & kv for THDv%.
Table 2 Parameters of the DP ﬁlter for current compensation.
AC source voltage, VS 480.0 V
DC inverter voltage, VDC 220.0 V
Fundamental frequency 60.0 Hz
Sampling frequency 10,000.0 Hz
PWM carrier frequency 5000.0 Hz
Line resistance, RS 0.1 X
Line inductance, LS 1.0 mH
Filter resistance, RC 0.1 X
Filter inductance, LC 0.1 mH
Filter capacitance, CC 4500.0 lF
Outer loop gain, K1 1.6
Inner loop gain, K2 0.8
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In this stage, two independent ML-ANNs with shift method
are used to estimate the fundamental frequency voltage and
current components for the industrial distribution system.
The estimated fundamental current and voltage waveforms
are subtracted, respectively, from the polluted current and
voltage waveforms as shown in Figs. 6 and 7. The resulting
current and voltage harmonics are used as reference signals
for the two proportional controllers (TPC) in the next stage.
Fig. 6a shows the distorted input current, and the estimated
fundamental current waveforms while Fig. 6b shows the ex-
tracted harmonic contents from the input at bus 29 for case
number 6. The Fast Fourier Transform (FFT) decomposition
for the distorted input and the estimated output signal at bus
29 for case no. 6 are shown in Fig. 6c and d, respectively.
Fig. 7a shows the distorted input voltage, and the estimated
fundamental voltage waveforms while Fig. 7b shows the ex-
tracted harmonic contents from the input at bus 29 for case
number 6. The FFT decomposition for the distorted input
and the estimated output signal at bus 29 for case no. 6 are
shown in Fig. 7c and d, respectively.
4.3. Control scheme ﬁlter parameters
In this stage, the most effective values of the two proportional
controllers (TPC) gains used in the feed-back paths of both in-
ner and outer loops of the proposed APF scheme will be found
by try and error method. At each time we ﬁx one value for Kv
and make several simulation runs with different Ki are done on
case 6 that is the worst case as shown in Fig. 8 for the purpose
of ﬁnding the values of the gains which gives minimum
THDv% and THDi% at bus 29. Then changing the value of
Kv and repeat the same process until we draw the carve as
shown in Fig. 9
The same estimation process is carried out for the THDi%
at the linear load in bus 29:LL to ensure that the estimated
gains are the best combination proportional gains.
From these curves it is found that the best combination for
the feedback gains are ki = 1.6 for the ﬁrst controller gain, and
kv = 0.8 for the second controller gain.Figure 10 Voltage and current waveformThe Multi-loop feed-back controller parameters shown in
Table 2 are taken from Ref. [11] and modiﬁed to cope with
the study system used in this work.
5. Simulation results
Looking at the obtained results, it is easy to conclude that the
worst values of the THDi% and THDv% are those found in
the study cases # 14 and 18 respectively.
In each case, the voltage and current of bus 29 and the cur-
rent drawn by the linear load bus 29:LL are monitored. Also at
each case the THDv% at all the system buses with the TPC ﬁl-
ter and without connecting the ﬁlter are compared. The same
comparison is done for THDi% at bus 51, 11, 29 and bus
29:LL.
5.1. Case 14
Fig. 10 presents the simulation voltage and current waveforms
for the multi-loop feedback control system with TPC at bus 29
when applied to the test system case 14.
Fig. 11 presents the measured THDv% at all system buses
with the TPC ﬁlter and without the connection of the ﬁlter also
Fig. 12 presents the measured THDi% at bus 51, 11, 29 and
29:LL with the TPC ﬁlter and without the connection of the
ﬁlter when applied to the test system case 14.s at bus 29 for case 14 with TPC ﬁlter.
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Figure 11 THDv% at all system buses for case 14 with TPC and without ﬁlter.
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Fig. 13 presents the simulation voltage and current waveforms
for the multi-loop feedback control system with TPC at bus 29
when applied to the test system case 18.
Fig. 14 presents the measured THDv% at all system buses
with the TPC ﬁlter and without the connection of the ﬁlter.
Fig. 15 also presents the measured THDi% at bus 51, 11, 29Figure 13 Voltage and current waveform
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Figure 12 THDi% for case 14and 29:LL with the TPC ﬁlter and without the connection of
the ﬁlter when applied to the test system case 18.
5.3. Detection of voltage THD for different system buses
Tables 3 and 4 present the voltage THD (THDv%) found at all
busses for 12 study cases (cases # 7 to # 18) after connecting
the TPC ﬁlter at bus 29. It is found that the THDv% is varyings at bus 29 for case 18 with TPC ﬁlter.
11.88
4.793.82 3.63
29 29:LL
uses
Without Filter TPC Filter
with TPC and without ﬁlter.
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Figure 14 THDv% at all system buses for case 18 with TPC and without ﬁlter.
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Figure 15 THDi% for case 18 with TPC and without ﬁlter.
Table 3 THDv% for the study cases # 7 to # 12 with the TPC ﬁlter.
THDv%
Bus Case 7 Case 8 Case 9 Case 10 Case 11 Case 12
100 0.840 0.544 0.594 0.669 0.682 0.702
69 1.429 0.553 0.601 0.851 0.844 0.877
03 7.291 0.881 0.865 3.422 3.361 3.414
50 7.063 0.864 0.851 3.306 3.248 3.310
51 11.680 0.778 0.778 9.003 8.928 3.291
05 7.290 0.881 0.865 3.422 3.361 3.414
49 6.116 0.728 0.737 2.878 2.829 2.864
39 6.850 0.768 0.769 3.225 3.168 3.208
26 7.291 0.881 0.865 3.421 3.361 3.301
06 7.293 0.881 0.865 3.422 3.362 3.410
11 14.020 0.794 0.790 3.436 3.374 8.687
19 6.894 0.771 0.771 3.244 3.187 3.223
29 7.349 1.458 1.346 3.396 3.312 3.266
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from one bus to another, according to the location of the bus
in the system.
5.4. Detection of current THD in lines feeding buses 51, 11 & 29
Tables 5 and 6 present the current THD (THDi%) found in
currents fed to buses 51, 11 and 29 for the 12 study cases after
connecting the TPC ﬁlter at bus 29. The THDi% of the LL atbus 29 is also given in the same tables. It is found that the
THDi% is varying from case to another, according to har-
monic source rating, and from one bus to another, according
to the location of the bus in the system.
6. Analysis of the results
Comparing the THDv% results given in Tables 3 and 4 with
those found before connecting the controlled APF to bus 29
Table 4 THDv% for the study cases # 13 to # 18 with the TPC ﬁlter.
THDv%
Bus Case 13 Case 14 Case 15 Case 16 Case 17 Case 18
100 0.655 0.866 0.914 0.549 0.682 0.931
69 0.858 1.434 1.639 0.561 0.942 1.768
03 3.420 7.176 8.516 0.946 4.143 9.471
50 3.315 6.938 8.235 0.926 4.010 9.156
51 3.419 12.550 13.240 0.817 6.569 14.930
05 3.420 7.175 8.515 0.946 4.143 9.470
49 2.876 5.951 7.063 0.761 3.457 7.922
39 3.223 6.693 7.944 0.806 3.877 8.912
26 3.419 7.174 8.516 0.946 4.143 9.471
06 3.416 7.173 8.511 0.946 4.142 9.466
11 8.703 10.160 14.320 0.835 6.496 14.750
19 3.239 6.731 7.988 0.809 3.899 8.962
29 3.453 6.438 8.194 1.549 4.064 9.473
Table 5 THDi% in currents fed to buses 51, 11 and 29 with TPC ﬁlter for the study cases #7 To #12.
THDi%
Buses Case 7 Case 8 Case 9 Case 10 Case 11 Case 12
51 27.79 0.555 0.601 30.210 30.21 1.006
11 42.13 0.556 0.602 1.011 1.007 41.560
29 2.811 6.144 4.720 5.844 4.080 3.180
29:LL 1.866 0.873 0.748 2.065 1.545 1.454
Table 6 THDi% in currents fed to buses 51, 11 and 29 with TPC ﬁlter for the study cases #13 To #18.
THDi%
Buses Case 13 Case 14 Case 15 Case 16 Case 17 Case 18
51 0.997 34.94 34.93 0.561 22.07 39.0
11 41.54 41.55 51.07 0.563 31.40 51.0
29 5.180 3.819 3.293 6.506 2.393 7.52
29:LL 2.347 3.633 2.546 0.782 1.121 2.31
170 W.M. El-Mamlouk et al.and with allowable 5% limit set by the IEEE 519-1992 [18], the
followings can be observed:
 The THDv% exceeds the 5% limit, respectively in 89.1%
(139 out of 156) and 32.05% of the measurements before
and after connecting the TPC to bus 29.
 Applying the TPC decreases the THDv% at bus 29 in all
cases except the study case # 15 in which THDv% is
increased by 0.072%.
 The worst THDv% found at bus 29 before connecting the
controlled APF is 19.57% in the study case #16, while the
worst value found after connecting the controlled APF at
the same bus is 9.473% in the study case #18.
 The THDv% at bus 29 exceeds the allowable limit in four
study cases (cases #7, 14, 15 & 18), while without ﬁlter it
exceeds the limit in all the 12 study cases.
 The THDv% in the study case #18 reaches 14.75% at bus
11, which could be seen as the worst case as it exceeds the
5% allowable limit. However, it should be noticed that
the THDv% at this bus before using the TPC ﬁlter was
17.26%. The THDv% at bus 29, which is directly connected to the
TPC ﬁlter reaches 9.473% in the study case #18 (the highest
THDv% in the 12 study cases) and it is 17.77% without
ﬁlter.
Comparing the results shown in Tables 5 and 6 for bus 29
with those found before adding the controlled APF at bus 29
and with the allowable limit set by the IEEE 519-1992 [18]
for low voltage systems in which the short-circuit current lies
between 20 and 50 times the load current, it is found that;
 The THDi% of the linear load (bus 29:LL), which is con-
nected in parallel with the harmonic load, with TPC ﬁlter
is less than the allowable limit in all the 12 study cases,
while without ﬁlter it exceeds the limit in 7 cases.
 The THDi at bus 29:LL with TPC reaches 3.63% in the
study case # 14 and is less than 2.54% in the other 11 cases.
 The THDi% in the study case # 18 reaches 7.52% at bus 29,
which could be seen as the worst case at this bus. However,
it should be noticed that the THDi% at this bus before
using the TPC ﬁlter was 44.29%.
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limit by a maximum 2% in ﬁve cases (case 8, 10, 13, 16 &
18) while without ﬁlter exceeds the limit in all the 12 cases
with THDi% up to 57.66%.
7. Conclusion
This paper presents an APF scheme, which uses two indepen-
dent ML-ANNs with shift method to estimates the fundamen-
tal voltage and current components for industrial distribution
electrical network. The APF is based on the inductor voltage
with two proportional controllers. The proposed scheme is
tested on a 13 bus industrial distribution system with 18 differ-
ent combinations of harmonic load locations and loading lev-
els. The obtained simulation results ensure the effectiveness of
the proposed shunt active power ﬁlter to reduce the current
THD entering the target linear load to be protected under
the allowable limit by IEEE 519-1992. An artiﬁcial intelligence
technique could be introduced in the future to ﬁnd the optimal
gains of the TPC.References
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